The segment polarity gene cubitus interruptus (ci) is required to maintain expression of the wingless gene and to specify naked cuticle within each epidermal segment. Antibodies were generated against the ci protein and used to analyze its pattern of expression. By stage 11, post-transcriptional regulation of ci is observed. ci transcript levels are uniform across the anterior compartment, but protein levels are higher next to the compartment boundaries. The distribution of the ci protein is altered in fused, hedgehog and wingless mutants suggesting cell-cell signaling may regulate ci protein levels. The role of ci in cell-cell signaling and pattern formation was examined in double mutants of ci with patched and zeste-white3/shuggy.
Introduction
The epidermis of Drosophila is constructed from a series of homologous units called segments. Segments are generated by the sequential action of the segmentation genes which divide the antero-posterior axis of the embryo into the basic segmental repeat. The segment polarity genes are the last to function in this process (NtissleinVolhard and Wieschaus, 1980) and it is through their actions that the pattern of structures within each segment is generated (for review, see Akam, 1987; Ingham, 1988; Ingham and Martinez-Arias, 1992; Peifer and Bejsovec, 1992) . The gene products that are encoded by the segment polarity class are a diverse set which include transcription factors, membrane proteins, secreted factors, and kinases. It is evident that signaling between cells plays a critical role in the maintenance and elaboration of pattern within epidermal segments. Two signaling systems have been identified (for review, see Perrimon, 1994) . The first involves the product of the wingless (wg) gene, a Drosophila member of the Wnt family of secreted proteins (Baker, 1987; Rijsewijk et al., 1987; van den Heuvel et al., 1989; Gonzalez et al., 1991) . The second involves the secreted protein, hedgehog (hh) (Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992; Tashiro, et al., 1993) .
wg is required to maintain its own expression Ingham and Hidalgo, 1993; Li and Noll, 1993; Hooper, 1994) and that of the transcription factor engruiled (en) in cells just posterior to the wg expressing cells (DiNardo et al., 1988; Martinez-Arias et al., 1988; Bejsovec and Martinez-Arias, 1991) . In addition, the formation of naked cuticle appears to critically depend on the presence of wg function (Baker, 1988a; Bejsovec and Martinez-Arias, 1991) . Several components have been identified in the wg signaling pathway. Of these, the zeste-white3/shaggy (zw3/sgg) gene has been well characterized.
This locus has been given two names (Bourouis et al., 1990; Siegfried et al., 1990 ). We will refer to this gene as zw3. zw3 encodes the Drosophila homologue of glycogen synthase kinase 3 (Siegfried et al., 1992) . From epistasis analysis, zw3 functions downstream of wg in both the maintenance of en expression and the specification of ventral naked cuticle (Siegfried et al., 1992) . The wg signal relieves zw3 negative regulation of en (Siegfried et al., 1992) .
The hh gene is expressed in the same cells of each segment as en (Lee et al., 1992; Tabata et al., 1992) , and encodes a secreted protein (Lee et al., 1992; Taylor et al., 1993) . hh function is required to maintain wg expression (Hidalgo and Ingham, 1990; Ingham and Hidalgo, 1993) and to specify pattern elements in the dorsal epidermis, posterior to the stripe of hh expression . Several components of the hh signaling pathway have been identified: patched (ptc) which encodes a transmembrane protein (Hooper and Scott, 1989; Nakano et al., 1989) , fused cfu) which encodes a putative serine/threonine kinase (Preat et al., 1990) and cubitus interruptus (ci) , which encodes a zinc finger protein (Orenic et al., 1990) . Epistasis analysis suggests a pathway in which the expression of wg is maintained through the functions of both fu and ci. The activities of fu and ci are negatively regulated by ptc and this repression is relieved by the hh signal (Ingham et al., 1991; Forbes et al., 1993; Hooper, 1994) . This linear pathway is the simplest interpretation of the data; other, more complicated scenarios are clearly possible.
In this study the function of ci in epidermal patterning is examined. As with wg, ci gene function is required for the formation of naked cuticle (Niisslein-Volhard and Wieschaus, 1980) . In ci mutants the naked cuticle is deleted and the ventral surface of the embryo is covered with denticles. Expression of the ci gene begins in the cellular blastoderm. By gastrulation it is uniformly expressed, but during early germ band extension the ci transcript is eliminated from the posterior compartment (Orenic et al., 1990; Eaton and Kornberg, 1990) . In this work polyclonal and monoclonal antibodies are used to examine the distribution of the ci protein during development, and epistasis analysis is used to position ci in the wg and hh signaling pathways.
Results

Wild type ci is post-transcriptionally
regulated To examine whether post-transcriptional regulation modulates ci activity, we compared the pattern of ci protein expression with that of the transcript. In wild type embryos, ci protein first appears dorsally in the cellular blastoderm (Fig. 1A) . The protein expression domain expands throughout the cellularized embryo and remains uniform up to germ band extension (stage 8 as defined by Campos-Ortega and Hartenstein, 1985) . At this time, ci protein becomes restricted into segmentally repeated stripes due to repression by en in the posterior compartment (Eaton and Kornberg, 1990) . Through early stage 10 to show ci mRNA expression. ci expression initiates dorsally in the cellular blastoderm (A). The expression domain expands to surround the cellularized embryo until uniform. At germ band extension, en represses ci in the posterior compartment (Eaton and Komberg, 1990) , forming stripes of ci expression (B). The stripes of ci protein expression are further refined by stage 11 (C). The borders stain more intensely than the middle portion of each stripe. The transcript remains uniform at this stage (D), indicating that the change in ci protein expression is due to post-transcriptional regulation. , wing (C) and hahere discs (not shown). In wing, leg and haltere discs there are higher levels of staining adjacent to the anterior/posterior compartment boundary. In eye discs, ci staining is elevated just posterior to the morphogenetic furrow. ci is also expressed in the larval brain lobes and along the midline of the ventral ganglia (D).
the pattern of ci protein expression closely follows that of the transcript (Fig. 1B) (Orenic et al., 1990; Eaton and Kornberg, 1990) . By stage 11 ci protein expression changes relative to that of the transcript. The middle portion of each stripe of ci protein shows decreased antibody labeling relative to the borders (Fig. lC) , while the transcript levels remain uniform throughout the stripe (Fig.  1D ). This pattern of ci protein expression is maintained through germ band retraction.
ci protein expression in imaginal discs
2Al rat monoclonal antibody was also used to visualize ci protein expression in developing imaginal discs. Both ci transcript (Eaton and Kornberg, 1990) and ci protein expression are confined to the anterior compartment of imaginal discs. As in embryonic development, there are elevated levels of ci protein just anterior to the compartment boundary, with lower uniform levels throughout the remainder of the anterior compartment ( Fig. 2A-C) . This variation in protein expression is visible in early third instar larval discs and contrasts with the uniform expression of both the ci transcript (Eaton and Kornberg, 1990; Slusarski et al., 1995) and /3-galactosidase expression from a ci enhancer trap (Eaton and Kornberg, 1990) . In the eye disc, higher levels of ci protein are found posterior to the morphogenetic furrow and in the undifferentiated cells surrounding the R cell clusters (not shown). ci is also detected in the larval central nervous system (Fig. 2D ).
The ci protein is primarily cytoplasmic
ci antibody staining using either monoclonal or polyclonal antibodies is localized primarily in the cytoplasm (Fig. 3) . To characterize the subcellular distribution of ci in more detail, we visualized the protein with indirect immunofluorescence and confocal microscopy. The staining within the cytoplasm is granular. In the nuclei of ci expressing cells, low levels of ci protein were detected when compared to the nuclei of en expressing cells (Fig.  3A) . Analysis of the ci protein distribution in various segment polarity mutants using confocal microscopy did not identify any backgrounds in which there were dramatic shifts in the ratio of the nuclear to cytoplasmic forms of the protein.
The solubility of the ci protein was examined using heat and methanol fixation to remove loosely bound antigen (Miller et al., 1989) . This method has been used to distinguish between membrane/cytoskeletal bound armadillo (arm) protein versus cytoplasmic arm (Peifer et al., 1994) . After heat/methanol fixation a substantial fraction of the ci protein remains in the wild type expression pattern, suggesting that a majority of the ci protein is bound to the cytoskeleton or cell membrane (Fig.  3B,C) .
jiu and hh modulate the post-transcriptional regulation of ci protein
Since ci is post-transcriptionally regulated, we analyzed the expression pattern of ci protein in different segment polarity mutants to determine which genes may contribute to this regulation. In naked (nkd) and zw3 mutants the stripes of ci protein expression narrow due to the expansion of the stripes of en expression. ci protein levels across the narrow stripes are relatively uniform (data not shown). The mutation which first alters the ci protein pattern is fu. Shortly after gastrulation protein levels are much higher than wild type and this distinction is maintained throughout embryogenesis.
Maternally rescued fi homozygous females were mated to FM7N males. Half of the resulting progeny are zygotically rescued for fi. When these embryos were stained with ci antibodies and visualized with confocal microscopy, half of the embryos stained with much higher intensity levels (Fig. 4C ). To confirm that these embryos werefu homozygous mutants, wild type embryos were collected simultaneously with homozygous fu mutant embryos (obtained from crossing fu homozygous females tofu mutant males). The collections were mixed prior to fixation. Again, the& mutants, identified by their aberrant morphology, stained more intensely than the wild type embryos. ci protein levels in fu mutants remain inappropriately high and uniform across the anterior compartment during stage 11 (Fig.  4A,B) . A similar result is observed in the anterior compartment of imaginal discs which are mutant for fu (Slusarski et al., 1995) .
In hh mutants, the distribution of the ci protein across the segmental stripe of expression also remains uniform beyond stage 11 but the ci protein levels are not detectably different than wild type (Fig. 5B ). This change in the pattern of protein distribution suggests that hh andfu have a role in the regulation of ci protein levels. In wg mutant embryos a relatively uniform distribution of ci protein is found throughout the segment by stage 12 (data not Fig. 3 . ci cellular localization. Anterior is up. (A) A confocal image taken laterally through one segment of a stage 10 wild type embryo stained for ci antigen shows that ci is localized primarily in the cytoplasm. Some nuclear ci protein may be present since the antibody staining levels are higher in the nuclei of ci expressing cells as compared to the nuclei of ci non-expressing en cells. The numbers correspond to the average pixel intensity level of the nuclei of each cell. The numbered cell at the bottom of the panel is the ci non-expressing en cell. The ci expressing cells have at least twice the nuclear intensity levels as the ci non-expressing cell. Cytoplasmic ci protein is tightly bound in the cell. (B) A confocal image of a stage 11 wild type embryo fixed in formaldehyde and stained for ci protein. After fixing by heat and methanol treatment (C) to remove soluble protein, the intensity of ci staining is generally lower but the wild type ci staining pattern remains. This indicates that ci may be bound to the cell membranelcytoskeleton.
shown). This expansion in ci expression probably occurs because en expression is not maintained Heemskerk et al., 1991; Bejsovec and Martinez-Arias, 1991 ) and therefore does not repress ci transcription. background. This is confirmed using confocal microscopy to visualize ci staining (C). The left embryo is a fu mutant and the right embryo is a wild type sibling.
ci is epistatic to ptc in the maintenance of wg expression and the formation of naked cuticle
Many studies have shown that the ci gene is required to maintain wg expression (Hidalgo, 1991; Forbes et al., 1993; van den Heuvel et al., 1993; Slusarski et al., 1995) . wg has several modes of regulation, one or more of which may require ci. Forbes et al. (1993) have positioned ci's regulation of wg downstream of the hh signal. Double mutant analysis with a near amorphic allele of ci, ciDRSo, and ptc show that ci is epistatic to ptc in the regulation of wg expression (Forbes et al., 1993) . To confirm this result we used another near amorphic allele, cite (formally Ce2). In cite homozygous mutants ci antigen is not detected until stage 8, and the product produced is truncated (Slusarski et al., 1995) . The cuticle phenotype closely resembles a deficiency of the ci region (Orenic et al., 1987; Fig. 6B) . To extend these results the timing of ci function was examined using the ciD allele. In ciD mutants, ci antigen is present early but expression is eliminated at the beginning of germ band extension (Slusarski et al., 1995) . The ciD mutant phenotype is less severe than cite or ciDRso. Naked cuticle is deleted and replaced with a mirror image duplication of the anterior denticle belt (Niisslein-Volhard and Wieschaus, 1980; Orenic et al., 1987; Fig. 6D) Double mutant combinations of ptc ; cite and ptc ; ciD were analyzed for effects on cuticle patterning and on the expression of wg and en proteins. ptc ; ciCe double mutants ( Fig. 6C ) have a cuticle phenotype identical to that of cite single mutants ( Fig. 6B) confirming that ci is epistatic to ptc. ptc ; CL 'D double mutants have a cuticle phenotype which appears to be a combination of the two single mutants (Fig. 6E ). The anterior part of each ventral denticle belt is duplicated, as in ptc mutants (Fig. 6F) , and naked cuticle is eliminated, as in ciD mutants (Fig. 6D) . These results suggest that early ci activity is sufficient for the duplication of segmental borders which occurs in ptc mutants (Niisslein-Volhard and Wieschaus, 1980) In hh mutants (B) there is no modulation the ci protein levels across the stripe at stage 12. Fig. 7 . ci regulates wg protein expression. Anterior is left and dorsal is up except in (E) where the ventral-lateral surface is shown and (F) where the ventral surface is shown. In wild type embryos wg is expressed in cells just anterior to cells expressing en in a one cell wide stripe in every parasegment (Baker, 1987; lngham et al., 1988) . Since the protein is secreted (van den Heuvel et al., 1989; Gonzalez et al., 1991) , the stripes of protein expression appear wider than the transcription domain. (A), shows wild type wg protein expression at stage 11. In ptc mutants wg expands (B). wg fades from the epidermis by stage 10 in cite mutants (C) and in ptc ; cite double mutants (D). wg fades later from the epidermis in ciD mutants (E) at late stage 12 and ptc ; cib mutants (F) during stage 11. late expression of ci protein is required for the formation of naked cuticle.
To relate the cuticle phenotypes to molecular events, the double mutants were further examined using antibodies to the wg and en proteins. ptc and ci single mutants produce different effects on wg and en expression patterns. In ptc mutants, wg expands anteriorly (Fig. 7B) and induces an ectopic stripe of en and Fig. 8B) . In cite mutants where there is no expression of ci antigen until germ band extension (Slusarski et el., 1995) , wg fades from the epidermis by stage 10 (Fig. 7C ) and partial breaks in the stripes of epidermal en expression occur during stage 12 (Fig. 8C) . In ciD mutants where ci expression is lost by germ band extension (Slusarski et al., 1995) , wg begins to fade at stage 11 or 12 (Fig. 7E ) whereas en expression is indistinguishable from wild type (Hidalgo, 1991 ).
These results demonstrate that ci function is required both early and late to maintain wg expression since wg is lost in both ci mutants. The effects on en are most likely due to loss of wg expression. First, en expression is affected after loss of wg and second, the timing and pattern of en expression in these mutants is similar to early and late loss of wg . In the analysis of en and wg expression in double mutants, three categories of ptc mutant embryos were produced from ptcl+ ; cicel+ parents. ptc homozygotes were identified by lack of /?-galactosidase staining in the head from the marked balancer CyO, (hb-lacZ, w+). One quarter of the embryos lacking ptc function resembled ptc mutants with ectopic grooves and duplicated expression of en. The remaining mutants were distributed between two groups. The first had wild type en staining but contained the ectopic grooves found in ptc mutants (data not Fig. 6 . ci is epistatic to ptc III patterning ventral cuticle. Anterior is up and the ventral surface is shown. Wild type first instar larval cuticle consists of a segmentally repeated pattern of anterior denticle belt and posterior naked cuticle (A). In cite mutants (B), the naked cuticle is deleted and the ventral surface consists of a lawn of denticles. ptc ; CI "' double mutants (C) phenotypically resemble cite single mutants. Naked cuticle is also deleted in ciD mutants (D) and is replaced with a mirror image duplication of the anterior denticle belt. ptc ; ciD double mutants (E) have features of both ciD and ptc shown), while the second group was indistinguishable from cite mutants and lacked the ectopic grooves found in prc mutants (Fig. SD) . The three groups most likely correspond to ptc ; +, ptc ; cicel+ and ptc ; cite, respectively. Since ci+ is required for wg expression, lowering the dose of wild type ci may affect wg's ability to turn on ectopic en. In separate experiments it was found that one quarter of the ptc mutant embryos, identified by lack of /?-galactosidase staining from the marked balancer, lose wg in the epidermis by stage 10 and are presumably also mutant for cite (Fig. 7D) . These results show that the early wild type ci function required in maintaining wg expression is epistatic to ptc. (Similar results have been reported by Hooper, 1994) .
The ptc mutants in the ptc ; ciD double mutant analysis can be grouped into two categories based on their en staining patterns. Of these, most resemble ptc mutants, though the level of ectopic en expression can vary (data not shown). These mutants have at least one wild type copy of ci. In one quarter of the mutants (ptc ; ciD double mutants), en fades from the epidermis in lateral patches (Fig. 8E) . In separate experiments, it was found that in one quarter of the identified ptc mutants (ptc ; ciD), wg begins to fade at stage 11 (Fig. 7F) . These results show that the late wild type ci function required to maintain wg expression is also epistatic to ptc.
ci is epistatic to zw3 in the maintenance of wg protein expression but not in the formation of naked cuticle
In order to determine if ci played a role in wg autoregulation, we analyzed double mutant combinations of zw3 and ci. In zw3 mutants derived from a mutant female germ line, the ventral epidermis consists of naked cuticle and, similar to cite, the dorsal surface is covered in a lawn of fine hairs (Siegfried et al., 1992) . Site specific recombination was used to generate zw3 tsg ; cicel+ clones in the maternal germ line . These females were mated to cicel+ males. The twisted gastrulotion (tsg) marker allowed the identification of progeny lacking both maternal and zygotic zw3 function. All such embryos, including the one quarter which were also mutant for ciCe, had naked cuticle (Fig. 9A) demonstrating that zw3 is epistatic to ci in naked cuticle formation. The same results were obtained using the ciDR50 allele (data not shown). Animals with zygotic zw3 had three very distinct phenotypes depending upon the dose of ci. Embryos homozygous for wild type ci were essentially naked (Fig. 9B) , embryos heterozygous for cite had a near normal ventral cuticle and a fully mutant dorsal cuticle (Fig.   Fig. 10 . ci is epistatic to zw3 in wg protein regulation. Anterior is left and the dorsal surface is shown. In zw3 mutants wg expands (A). In zw3 ; cite double mutants wg fades from the epidermis in a manner similar to cite single mutants (compare (B) to Fig. 7C ). SC), and embryos homozygous for cite were covered with denticles and closely resembled cite single mutants (Fig.   9D ). This suggests that cuticle phenotypes are sensitive to the relative dose of zw3 and ci.
The approach described above was used to examine the epistatic relationship between ci and zw3 on wg expression. By crossing ci mutant heterozygous females containing germ line zw3 clones to FM7, (ftzlacZ)N ; cicel+ males, progeny lacking maternal and zygotic zw3 activity could be identified by the lack of pgalactosidase expression. One quarter of these mutants will also be homozygous for the cite mutation. In zw3 mutants generated from a zw3 mutant female germ line, wg is induced in ectopic stripes (Siegfried et al., 1992 and Fig. lOA) . In the zw3 ; ci Ce double mutants, wg fades as it does in cite single mutants suggesting that cite is epistatic to zw3 in the regulation of wg (compare Fig. 7C to Fig.  10B ). These results indicate that the naked cuticle formed in zw3 mutants can be specified in the absence of wg since wg is eliminated in zw3 ; ci double mutants.
Discussion
The segmented larval cuticle of Drosophila has been widely studied as a model for cell fate determination. Crucial to segmental pattern formation is cell-cell communication and signal transduction. Two signaling pathways involving the secreted proteins wg and hh, have been shown to be required for segmental patterning. Sev-era1 diverse proteins are required for the transduction of these signals and pathways for their action have been proposed. We have focused our studies on the role of the Zn finger protein, ci (Orenic et al., 1990) . Using a combination of genetic and histochemical approaches, we present evidence that ci is a likely target of the hh signal transduction pathway, and a potential target of the wg autoregulatory loop.
The ci gene is regulated post-transcriptionally
The pattern of ci protein expression closely follows that of its mRNA up to stage 10. By stage 11 the ci transcript remains uniformly distributed throughout the anterior compartment of each segment, whereas the protein levels show dramatic modulation (Fig. 1) . ci protein levels are lower at the center of each stripe and higher at the compartment borders. The change in ci protein distribution relative to its mRNA distribution could be due to alteration in rate of protein translation or of protein turnover. It is unlikely that the changed distribution reflects masking of a particular epitope since monoclonal and polyclonal antibodies give similar staining patterns. The distribution pattern of the ci protein indicates a distinction between the cells adjacent to the posterior compartment and those further away, suggesting that the bordering cells are responding to a signaling molecule from the posterior compartment. An obvious candidate for mediating that distinction is the hh protein, which is secreted by the cells of the posterior compartment (Lee et al., 1992; Taylor et al., 1993) . Therefore the role of hh and other segment polarity genes in ci protein modulation was examined by staining mutant embryos with antibodies to the ci protein.
The earliest alteration in the pattern of ci protein expression is seen infu mutants. The amount of ci protein is elevated in fu mutants compared to wild type (Fig. 4C ). This presents a conundrum:
there are abundant levels of ci protein in afu mutant, yet fu appears to be required for ci function. Therefore, fu is probably required for ci activity but may render the ci protein unstable. Modulation of the ci stripe of expression is also affected by the fi mutation. ci protein levels remain elevated and uniform across the stripe of expression (Fig. 4B) . Alterations in the ci protein distribution are also observed in hh and wg mutants. During stage 11 the ci protein distribution is uniform across the anterior compartment in both hh (Fig.  5 ) and wg (data not shown) mutants. The levels of ci protein in these mutants are not as high as infu mutants and appear to be in the wild type range. The uniform distribution of ci protein is maintained as the germ band retracts and ci expression expands into the posterior compartment. Since the elevation of ci protein levels in fu mutants occurs well before the changes in ci protein distribution observed in wg and hh mutants, it seems necessary that $4 has effects on the ci protein independent of both the wg and hh signaling pathways (Fig. 11) . ci is epistatic to both ptc and zw3 in wg regulation but the regulatory pathway may be quite complex. Our work strongly implicates ci in the hhlptc regulatory pathway (A) but is also consistent with a role in the wg autoregulatory loop (B) or both. fu appears to regulate ci protein levels and distribution prior to regulation by hh and wg, and therefore is probably independent of those two pathways. The positioning of ptc is based upon Ingham et al. (1991) with parallel or branched pathways; other positions are also possible.
The roles of wg and/or hh in the regulation of ci protein distribution could be quite indirect. wg and hh are required to maintain each others expression, and therefore, mutations in either gene would be expected to affect ci protein distribution as long as one was required for the proper regulation of ci. Given that the ci protein levels are elevated on both sides of the hh expressing cells it would seem probable that the hh pathway is more directly involved in regulating ci protein levels across the anterior compartment.
The patched (ptc) gene product also shows a similar modulation in its protein distribution pattern across the anterior compartment Capdevila et al., 1994) . However, this modulation occurs in both the mRNA and protein (Hooper and Scott, 1989; Nakano et al., 1989; Taylor et al., 1993; Capdevila et al., 1994) . At stage 11, ptc transcription is dependent on ci function (Hidalgo and Ingham, 1990) . The correlation of ptc transcription with ci protein levels suggests that the ptc gene may be regulated by ci protein. Since ptc and ci have opposite effects on wg expression, this interaction could act as a feedback loop to regulate maintenance of wg expression levels.
ci expression pattern in imaginal discs
ci protein levels are augmented in the anterior compartment in the region adjacent to the compartment boundary (Fig. 2) . In the wing disc, this closely corresponds to the stripe of decapentaplegic (dpp) expression (Masucci, et al., 1990; Raferty, et al., 1995) . In the leg disc ci protein levels correlate with the stripe of dpp in the dorsal anterior quadrant and the wedge of wg expression in the ventral anterior quadrant (Baker, 1988b; Masucci, et al., 1990; Peifer et al., 1991; Couso et al., 1993; Basler and Struhl, 1994; Diaz-Benjumae, et al., 1994; Raferty et al., 1995) . ci is the only putative transcription factor known to be expressed in such a pattern and thus is a likely candidate for regulating dpp and wg imaginal disc expression. It has been difficult to test this hypothesis directly because of a lack of temperature sensitive ci alleles and the lack of markers for mosaic analysis with the fourth chromosome.
ci is epistatic to zw3 and ptc in wg regulation
Three modes of wg regulation have been described. The first is initiation of wg expression by the pair rule genes . The second is the maintenance of wg through the hh pathway Hidalgo, 1991; Ingham et al., 1991; Ingham and Hidalgo, 1993) and the third is an autoregulatory loop involving wg Hidalgo, 1991; Ingham and Hidalgo, 1993) and gooseberry (gsb) (Li and Noll, 1993; Hooper, 1994) . The requirement for ci in maintaining wg could be in either the wg autoregulatory loop or the hh signaling pathway. Evidence presented here and elsewhere (Forbes et al., 1993; Hooper, 1994) strongly suggests that ci functions in the hh pathway. There are higher levels of ci protein at the borders of the posterior compartment and this distinction is eliminated in hh mutants (Fig. 5) . This suggests that ci responds to the hh signal in regulating wg. To examine the relationship of ci in the hh pathway ptc ; ci double mutants were studied. Our results confirm those of Forbes et al. (1993) and Hooper (1994) , indicating that ci is epistatic to ptc in the regulation of wg and in the formation of naked cuticle (Figs. 6 and 7) . This would place ci either downstream of ptc in a single linear patterning pathway or on a different branch from ptc, if the regulation of wg and naked cuticle formation involves parallel pathways. Our results extend previous studies by demonstrating that ci function is continuously required to maintain wg expression (Fig. 7) . This temporal requirement is reflected in the ptc ; ciD double mutants (Fig. 7F) .
ci is also epistatic to zw3 in the regulation of wg expression (Fig. 10) . Again ci could either be downstream of zw3 or on a parallel pathway. In principle the role of zw3 in wg regulation could be to act through the hh pathway. It is known that zw3 is epistatic to wg in the regulation of en expression (Siegfried et al., 1992) . Therefore, the epistatic relationship between ci and zw3 could be explained by a pathway in which zw3 regulates en and hh expression in the posterior compartment and hh is required to activate ci function in the cells that express wg (Fig. 11, pathway A) .
This pathway does not explain the epistasis relationship between wg, ci and zw3 in cuticle patterning. wg signaling is required to specify naked cuticle in the wg expressing cells and their adjacent neighbors (Baker, 1988a; Bejsovec and Martinez-Arias, 1991; Bejsovec and Wieschaus, 1993) . Cells mutant for zw3 differentiate naked cuticle in the absence of the wg signal (Siegfried et al., 1992) suggesting that in wild type embryos, wg negatively regulates zw3 not only in the en expressing cells but also in the cells that give rise to naked cuticle. Since the wg expressing cells are among those that give rise to naked cuticle, wg regulation of zw3 must occur in the wg expressing cells. It is possible that this regulation does not feed back on ci, but the dosage interaction between ci and zw3 argues otherwise. zw3 is epistatic to ci in patterning cuticle, but in embryos zygotically rescued for zw3, the cuticle phenotype is critically dependent on the relative levels of ci and zw3 activity. There is also a strong dosage interaction between armadillo (arm) and 2~3 in the patterning of cuticle (Peifer et al., 1994) . These results suggest that arm, ci and zw3 activities may act in concert to specify epidermal differentiation.
One of the targets of ci either directly or indirectly is the wg gene and thus it is likely that inputs from both wg autoregulation and the hh signal modulate the activity of the ci protein and its activation of wg (Fig. 11, pathway B) .
From the data presented here we can now draw a clearer picture of ci's role in the specification of epiderma1 pattern formation. While ci is expressed throughout the anterior compartment most of the alterations in ci mutants can be explained by the loss of wg expression. In ciDRso and cite where no ci antigen is detected in the epidermis early (Slusarski et al., 1995;  and data not shown), wg decays by stage 10 and the phenotypes resemble early loss of wg mutants (Orenic et al., 1987; Bejsovec and Martinez-Arias, 1991) . In cio mutants where ci antigen is detected early but diminishes after germ band extension (Slusarski et al., 1995) wg expression decays late and the phenotype resembles an animal with late loss of wg (Orenic et al., 1987; Bejsovec and Martinez-Arias, 1991) .
ci protein is primarily cytoplasmic
Unlike the vertebrate CL1 protein (Kinzler and Vogelstein, 1990) , the ci protein is primarily cytoplasmic with only low levels of ci protein present in the nucleus (Fig.  3) . This distribution is unlikely to be due to the masking of a specific epitope within the nucleus, since cytoplasmic staining is observed with both the monoclonal antibody, 2A1, and polyclonal antibodies. The sequence of the ci protein does not appear to contain a canonical nuclear localization sequence (Dingwall and Laskey, 1991) . While this result may suggest that the ci protein performs specific functions in the cytoplasm, it still seems likely that the primary role of ci is to act as a transcription factor. ci is highly homologous to the vertebrate GLJ genes (84-93% amino acid identity) and the C. elegans sex determination gene, tra-I (63% amino acid identity) (Hodgkin, 1987; Orenic et al., 1990) . The CL1 and tra-1 proteins bind a nine base pair consensus DNA sequence in vitro (Kinzler and Vogelstein, 1990; Zarkower and Hodgkin, 1993) and the crystal structure of the GLI-DNA binding complex has been solved (Pavletich and Pabo, 1993) . Analysis of this structure shows that the amino acids of CL1 that contact the DNA are all conserved be-tween ci and GLI. If ci does function as a transcription factor, the distribution of ci protein implies that its activity is tightly regulated by translocation to the nucleus.
After using confocal microscopy to analyze changes in the levels of nuclear ci protein in different segment polarity mutants, it was not possible to identify any gene products which might be responsible for controlling the subcellular distribution of ci. In fu mutants the level of ci protein was elevated in both the nucleus and cytoplasm (data not shown) but it is possible that the increased nuclear labeling was caused by bleed through of signal from the high levels of cytoplasmic ci in adjacent optical sections. Further experiments are under way to define the mechanism(s) by which ci activity is regulated and to elucidate the nature of these mechanisms.
Experimental procedures
Fly stocks
Oregon R was used as the wild type strain in these experiments. The segment polarity mutant alleles ciD, cite (previously designated Ce*, from B. Hochman), ptcfNzos (from C. Niisslein-Volhard) and /z/z'~~*~ (from E. Wieschaus) are described by Lindsley and Zimm (1992) . The fi94 allele was generated by R.H. and is a strong EMS point mutation. zw3M11-1 FRT1011FM7 and OVO~~FRT~~~I XX ; FLP38 (described by Siegfried et al., 1992) and the marked balancer chromosome FM7, frz1ucZ (described by Kania et al., 1990) were obtained from HHMI investigator, N. Perrimon. ZW~~"-' tsg FRTIO1il?M'J (from E. Wieschaus) is described by Peifer et al. (1994) .
Antibody production
ci protein was expressed in bacteria as a fusion protein. An EcoRI cDNA fragment encoding all but the first 114 amino acids of the ci protein was inserted into the EcoRI site of the pGEX-2T bacterial expression vector (Smith and Johnson, 1988) . The induced fusion protein was isolated from inclusion bodies (Mike Levine, pers. commun.), purified over a glutathione column, and injected into male Sprague-Dawley rats (Harlow and Lane, 1988) . Rat sera were assayed histochemically on Drosophila embryos. Spleen cells from responding rats were fused to mouse NSO-1 cells and screened by ELISA (Harlow and Lane, 1988) . Of the six hybridomas isolated by limiting dilution, 2Al gave the best staining pattern on whole mount embryos and was subsequently used for analysis. 2A1, which recognizes an epitope outside the ci Zn finger domain, labels the ci protein on western blots and immunoprecipitates ci from embryos. In M62f embryos, the ci gene is deleted and no antibody staining is observed.
In situ hybridization
In situ hybridization was preformed as described in Tautz and Pfeifle (1989) . An approximately 1 kb Hind IIYEcoRI, 3' ci cDNA fragment was used to transcribe DIG labeled riboprobe.
Histochemical staining
To visualize the ci protein, dechorionated embryos were fixed on a rocker for 20 min in equal amounts of heptane: 3.7% formaldehyde in PEM buffer (0.1 M PIPES, 2 mM EGTA, 1 mM MgS04, pH 6.9), except for heat/methanol fixation which is described by Miller et al. (1989) . Devittelinized embryos were washed three times with PBT (PBS, 0.2% BSA, 0.1% Triton X-100), blocked 30 min with PBT + N (PBT, 5% goat serum) and incubated overnight with gentle rocking at 4°C in 1: l,,PBT + N:2Al.
After the embryos were washed four times for 15 min in PBT, they were incubated for either 2 h at room temperature or overnight at 4°C in PBT + N with secondary antibody. For light microscopy, HRP conjugated antibodies were used. Incubation with preabsorbed 1:200 goat anti-rat biotin conjugated antibodies (Zymed) was followed by four 15min washes in PBT minus BSA. Premixed 1:lOO Vectastain reagent A and B (Vector Labs): PBT minus BSA, were added to the embryos for 30 min. The embryos were again washed four times and stained with 0.33 mg/ml diaminobenzidine (DAB) (Sigma) and 1:lOO diluted 30% H202 (Sigma).
For confocal microscopy, preabsorbed 1500 goat antirat FITC conjugated antibodies (Zymed) were used. The embryos were then washed four times for 15 min in PBT and incubated overnight at 4°C in 80% glycerol, 0.1 M Tris (pH 8.8). The embryos were prepared for microscopy by incubating for 30 min to 1 h in 80% glycerol, 0.1 M Tris (pH 8.8) and 0.5 mg/ml phenylenediamine (PDA) and then mounted on a slide in the same solution.
Double labeling experiments with anti-p-galactosidase @-gal) antibodies and either anti-en or anti-wg antibodies were performed as described above for HRP staining. Concentrated 4D9 mouse anti-en monoclonal (gift from N. Patel) was used at a 1 :l dilution, preabsorbed rabbit anti-wg polyclonal (gift from R. Nusse) was used at a 1: 1000 dilution, and preabsorbed anti-p-gal (R. H.) was used at a 1:2000 dilution. To analyze the ptc ; ci double mutants, wg and P-gal were visualized using a single goat anti-rabbit biotin coupled secondary antibody (Zymed) at 1:250. For en and p-gal, goat anti-mouse and goat anti-rabbit biotin coupled secondary antibodies (Zymed) were used together at 1:250. HRP staining was visualized using Vector Labs Vectastain reagent A and B.
To analyze the zw3 ; cite double mutants wg and /?-gal were stained separately. wg was stained first as described above and B-gal was stained using I:200 goat anti-rabbit HRP conjugated secondary (Zymed). 0.05% NiCl was added to the DAB mixture to stain P-gal a blue/black color.
For imaginal discs, inverted third instar larval heads were fixed for 25 min in 2% paraformaldehyde in PBS (pH 7.2). The tissue was blocked for 30 min and incubated overnight in 1: 1 2Al:PBT + N. The discs were washed four times for 30 min in PBT, blocked for 30 min and incubated overnight in 1:200 goat anti-rat HRP conjugated antibodies (Zymed):PBT + N. After four 30-min washes in PBT, the discs were stained as described for embryos above. The discs were dissected and either mounted in 80% glycerol or dehydrated in ethanol and mounted in a mixture of methyl salicylate and canada balsam.
ptc ; ciD and ptc ; cite double mutant analysis
Cuticles were prepared as described in van der Meer (1977) from the progeny of cn ptctN'08 bw/CyO ; ciDl+ parents and stw pwn cn ptc'N'08bwlCy0 ; cicel+ parents. The homozygous ptctNlo8 ; ciD embryos were recognized by their unique phenotype which was not observed in ptclNlo8 ; ciDl+ or ptc1N1081+ ; ciD embryos.
stw pwn ptclNlO8 ; ciCe were recognized because of the bristle marker pawn (pwn) and had the same phenotype as cite mutants.
For antibody staining, collections from stw pwn cn ptctN1081Cy0, (hb-ZacZ w+) ; cicel+ or stw pwn cn ptc'N1081 CyO, (hb-1acZ w+) ; ciDl+ crosses were taken for 2 h and aged for either 5.5 h (stage 11 of Campos-Ortega and Hartenstein, 1985) or 7.5 h (stage 12) before fixation. ptc homozygotes could be identified by lack of P-gal staining in the head from the marked CyO balancer chromosome.
zw3 ; cite double mutant analysis
Cuticles were prepared from female germ line clones of .zw~~"-twisted gastrulation (tsg) FRT1O'lovoD' FRTIO1 ; FLP38/+ ; cicel+ that were crossed to cicel+ males. Mosaic germ lines were generated by the FLP-DFS technique . Briefly, ZW~~~~-I tsg FRTtOtllW7 ; cicel+ females were crossed to ovoD1 FRT'O'lY ; FLP38 males. Third instar larval progeny were heat shocked to induce FLP recombinase transcription from the hsp 70 promoter (FLP38). FLP specific recombination occurs between the chromosomes containing zw3 and ovoD1 at the FRT target sites. Recombination in the developing germ line results in the loss of the female dominant sterile gene, ovoD'. Thus, any developing eggs will be maternally mutant for zw3. ZW~~~~-' tsg FRT1O'lovoD' FRT'Ot ; FLP38l+ ; cicel+ adult females developing from the heat shocked larvae were mated to cicel+ males. Animals maternally and zygotically mutant for zw3 were identified by the tsg phenotype.
For antibody stainings, females with mosaic germ line clones (induced as described above) of z~3~ll-~ FRTtOtlovoD1 FRTtO' ; F38l+ ; cicel+ were crossed to FM7, (ftz-1acZ)N ; cicel+ males. Embryos lacking both maternal and zygotic zw3 were identified by lack of pgalactosidase staining from theftz-1acZ marker.
Microscopy
HRP staining was visualized using Nomarski optics. Confocal imaging on an MRC 600 (Bio-rad) was used to visualize FITC staining.
ci cellular localization analysis
Lateral, 2-pm optical sections were taken through segments of wild type embryos using confocal microscopy. en expressing cells were identified by lack of ci staining. A total of 14 embryos, 47 segments, and 432 cells were analyzed in this experiment.
